Purpose of Review The goal of this focused review is to describe recent studies supporting a critical role of microRNAs in the regulation of ion channels and discuss the resulting implications for the modulation of neuronal excitability in epilepsy. Recent Findings MicroRNA-induced silencing of ion channels has been shown in several different studies in recent years, and some of these reports suggest a prominent role in epilepsy. The ion channels regulated by microRNAs include ligand-and voltage-gated channels and are not only limited to the central nervous system but have also been found in the peripheral nervous system. Summary Ion channel-targeting microRNAs can regulate the intrinsic excitability of neurons, and thus influence entire networks in the brain. Their dysregulation in epilepsy may contribute to the disease phenotype. More research is needed to better understand the molecular mechanisms of how microRNAs regulate ion channels to control neuronal excitability, and how these processes are altered in epilepsy.
Introduction
Epilepsy is characterized by the occurrence of spontaneous seizures, which are episodes of abnormally synchronous neuronal hyperactivity. Seizures can induce structural remodeling in the mammalian brain leading to aberrant cell proliferation, neurogenesis, and subsequent tissue destruction. If seizures are not well-controlled, this process, called epileptogenesis, will worsen epilepsy over time [1] . Despite decades of human and animal research, our understanding of the basic pathological mechanisms and pathways underlying neuronal hyperactivity and leading to seizures and cellular abnormalities in an epileptic brain remains incomplete. Even with recent advances in identifying genetic causes and developing more potent and specific drugs, approximately one third of individuals with epilepsy do not respond to treatment [2] . Therefore, epilepsy remains a big challenge to researchers and clinicians.
Understanding the intrinsic cellular mechanisms controlling neuronal excitability can help reveal how seizures and epilepsy develop and may lead to the discovery of new therapeutic targets to prevent or delay disease progression. On a molecular level, neuronal excitability and activity are determined by intra-and extracellular ion concentrations and the ion permeability of neuronal membranes, which are regulated by voltage-or ligand-gated ion channels and ion transporters/ exchangers. Unsurprisingly, defects in ion channel function, either caused by mutations or acquired, have been associated with epilepsy [3] . Many current epilepsy drugs are therefore directed at manipulating the ion permeability of these channels to alter neuronal excitability. Yet, increasing evidence points to another level of ion channel dysregulation in epilepsy, namely changes in their expression levels [4, 5] . If the intracellular mechanisms regulating ion channel production, stability and, thus, levels were better understood, novel treatment targets in epilepsy could be identified.
A rather novel cellular mechanism regulating posttranscriptional expression of virtually all classes of proteinencoding genes is microRNA-induced silencing [6] . In the last This article is part of the Topical Collection on Epilepsy decade, microRNAs have emerged as a novel research area in epilepsy with the potential to not only reveal pathways and mechanisms underlying neuronal excitability but also serve as novel therapeutic targets.
MicroRNAs Are Master Regulators of Cellular Function
MicroRNAs are a class of small non-coding RNAs (~22 nucleotides), which bind to partially complementary sequences mostly within the 3' untranslated regions of their target messenger RNAs (mRNAs). Through the association with microRNAs, these mRNAs are recruited to the RNAinduced silencing complex (RISC) where they are translationally repressed or degraded [6] . The newest version of miRBase, a repository of miRNA sequences and associated mRNA targets [7] , released in March 2018, reports 2654 mature miRNAs in the human genome. According to target prediction algorithms, a single microRNA can repress over 100 mRNAs, and it has been estimated that up to 60% of human mRNAs are regulated by microRNA-induced silencing [8] . Although the number of robust highconfidence microRNAs and their truly functional mRNA targets has recently been challenged and might be somewhat lower than what is reported in miRBase [9, 10] , this still reflects the wide potential of microRNAs to influence biological function. It therefore comes to no surprise that many studies suggest an important role for microRNAinduced silencing in epilepsy development [11] .
MicroRNA-Induced Silencing Is Dysregulated in Epilepsy
First associated with epilepsy in 2010 [12] , microRNAs have been shown to be differentially expressed across all phases of epileptogenesis, acutely after seizure, during the latent phase before spontaneous recurrent seizures occur, and in chronic epilepsy, in animal models as well as in humans [13] [14] [15] [16] . Moreover, various microRNAs have been shown to regulate the development of both acute seizures and epilepsy [17] . A recently developed epilepsy-specific microRNA database provides comprehensive information about these studies, including microRNA expression changes, confirmed target mRNAs as well as links to functional studies [18••] .
MicroRNA function can be regulated in vitro and in vivo using antagomirs (antisense oligonucleotides) to block a microRNA, or agomirs (microRNA mimics) to increase microRNA levels. These tools are indispensable for preclinical animal research but are also currently evaluated by various pharmaceutical companies as therapeutic agents in humans. Promising results in phase I or II clinical trials for, for example, Hepatitis C [19] suggest a potential future use in epilepsy [20] . However, there are still challenges impeding our understanding of the role of microRNAs in epilepsy. First, we are far away from a clear picture of which microRNAs are dysregulated and could thus play major roles. Two recent metaanalysis studies, which attempted to identify a consensus of differentially expressed miRNA associated with human and/ or experimental epilepsy illustrate the minimal overlap between different studies [21•, 22•] . Second, the identity of the mRNA targets that mediate the effects of specific microRNAs in epilepsy is largely unknown. It is conceivable that microRNAs directly controlling the intrinsic excitability of neurons are among the most promising candidates as key players in epilepsy. Several studies have recently shown that microRNAs target ion channels directly. These findings provide an exciting novel prospective for microRNAs in epilepsy, given the important role of ion channels in regulating neuronal excitability and the fact that ion channel dysfunction has frequently been identified as an underlying cause of epilepsy [5, 23] . While these studies are still in their infancy, they might pave the way for ion channel-targeted microRNA-based therapies in epilepsy in the future.
This focused review provides an update about recent advancements in our understanding of how microRNAs regulate neuronal excitability through directly targeting neuronal ion channels, describes how dysregulation of these processes may contribute to epilepsy, and discusses what is needed to move the field further. We will emphasize studies in the brain but will also include recent discoveries in the peripheral nervous system that may have implications for epilepsy research. The discussed studies are summarized in Table 1 .
MicroRNAs Regulate Voltage-Gated Ion Channels in the Brain
Voltage-gated ion channels change their ion conductance in response to the membrane potential, and alterations in their activity have been associated with epilepsy [4, 24] . It thus seems conceivable that regulation of their expression, for example through microRNAs, is a mechanism underlying changes in excitability under physiological and pathological circumstances. Indeed, in recent years, several reports of epilepsy-associated voltage-gated potassium and sodium channels that are directly regulated by microRNAs in the brain have been published.
Kv1.1 Is Regulated by miR-129-5p and mTOR in Epilepsy-a Potential Role for Subcellular Control of Neuronal Excitability
In one of the first studies reporting a specific microRNA that regulates a voltage-gated potassium channel in the brain, Raab-Graham and colleagues showed that miR-129-5p suppresses translation of the Shaker-like potassium channel Kv1.1 in an mTORC1-dependent manner [25••] . Using a photoconvertible fluorescent translational reporter the authors showed that miR-129-5p suppresses local Kv1.1 translation in dendrites when mTORC1 kinase is active. A follow-up study 2 years later provided first clues that this mechanism is important for the development of epilepsy by showing that miR-129-5p-mediated translational suppression of Kv1.1 is enhanced 3 weeks after status epilepticus in rats [26••] . MiR-129-5p has recently been shown to regulate homeostatic synaptic downscaling, which further corroborates its role in controlling neuronal excitability [27] . In this study, the authors report that miR-129-5p mediates this function through targeting the RNA-binding protein RBfox1 but failed to show a role for Kv1.1 in this process. As the authors only tested general cellular protein synthesis, but not dendritic translation, this suggests the intriguing possibility that miR-129-5p's control of Kv1.1 is restricted to dendrites or synapses. Subcellular location-specific regulation of ion channel expression and function by microRNAs adds additional levels of control of neuronal excitability through the RISC in epilepsy, which will be interesting to further assess.
There are several indications that Kv1.1 dysfunction can cause epilepsy in humans. Mutations in the gene coding for Kv1.1, KCNA1, lead to episodic ataxia type 1 [28] , and are, in some individuals, associated with partial onset epilepsy [29] , supporting the importance of this channel in limiting neuronal excitability. Mouse models with deletions in Kcna1 have been suggested as models for sudden unexpected death in epilepsy (SUDEP), which may be associated with Kv1.1's role in regulating parasympathetic control of cardiac function [30, 31] . The hypothesis that miR-129-5p-mediated control of Kv1.1 may likewise affect cardiac function and contribute to SUDEP is intriguing but remains to be tested.
MiR-324-5p Suppresses Kv4.2 mRNA Translation to Control Seizure Onset
Recently, we discovered a direct role of microRNA-mediated silencing of the Shal-related voltage-gated potassium channel, Kv4.2 (encoded by Kcnd2) in regulating seizure onset [32•] . Inhibition of the Kv4.2-targeting microRNA miR-324-5p Table 1 Summary of ion channels directly regulated by microRNAs in the brain and in the peripheral nervous system and their implication in epilepsy. Highlighted in italics are microRNAs that were shown to be consistently downregulated in epilepsy models in a recent meta-analysis [ with antagomirs in mice reduced seizure severity in response to kainic acid [32•] . Notably, inhibition of miR-324-5p delayed kainic acid-induced seizure onset in wild-type mice, but not in Kcnd2 knockout mice. These results suggest that miR-324-5p-dependent suppression of Kv4.2 is essential for seizure development following a kainic acid challenge. This is a rather surprising finding, given the many mRNAs shown and suggested to be targeted by miR-324-5p. By contrast, overall EEG power after kainic acid was reduced with miR-324-5p inhibition in both wild-type and Kcnd2 knockout mice, indicating that other targets of miR-324-5p, apart from Kv4.2 mediated this effect. To further delineate miR-324-5p's role in neuronal excitability, it will be important to identify these other mRNA targets that mediate the neuronal activitysuppressing effect of miR-324-5p antagomirs. Recent metaanalyses of microRNA profiling studies in epilepsy found miR-324-5p to be downregulated in the latent or chronic phase of epilepsy [21•, 22 •], suggesting an (insufficient) compensatory mechanism that deserves further assessment. Two other microRNAs, miR-223-3p and miR-301a, target Kv4.2 in the heart [33, 34] . The role for miR-301a in the brain is unknown, but miR-223-3p was shown to regulate neuronal excitability in the brain, possibly in the context of epilepsy (further discussed below). A few mutations in KCND2 have been reported in humans [35, 36] , and Kv4.2 function is downregulated in animal models of epilepsy [4, 37] , making it a potentially attractive target for microRNA-mediated manipulations as an epilepsy treatment.
MicroRNA-Mediated Regulation of Nav1.1 May Be Altered in Epilepsy
The voltage-gated sodium channel Nav1.1 plays a prominent role in controlling neuronal excitability. Mutations in SCNA1, encoding Nav1.1, are frequently associated with epilepsy and can lead to epilepsy-associated syndromes, such as Genetic epilepsy with febrile seizures plus (GEFS+), or Dravet's Syndrome, a severe intractable form of epilepsy [38] . Surprisingly little is known about how microRNAs regulate Nav1.1. MiR-155 was shown to target Nav1.1 and may play a role in the seizure-suppressing action of valproic acid [39] . Recent discoveries that epilepsy-associated genetic variants in the 3'UTR of SCNA1 might affect microRNA-induced silencing [40] corroborate the hypothesis that microRNAmediated silencing of Nav1.1 is an important regulator of neuronal excitability in epilepsy, and warrant future studies.
MicroRNAs Regulating Ligand-Gated Ion Channels in the Brain
Epilepsy is a disorder of altered neuronal excitability, which may be caused by an imbalance of inhibitory and excitatory signal transduction. Defects in inhibitory or excitatory synapses, GABAergic and glutamatergic synapses, respectively, have often been associated with epilepsy. Loss of inhibitory neurons has been observed in epilepsy [41] , and targeted removal of subsets of inhibitory GABAergic neurons leads to seizures, but not epilepsy, in mice [42] [43] [44] . Glutamatergic and GABAergic signaling have thus been treatment targets in epilepsy since many years [45] . Transplantation of inhibitory interneurons to normalize the inhibitory/excitatory balance in the brain has shown to be seizure-suppressive [46] , and AMPA receptor inhibitors have shown some success in animal studies and in clinic [47] . Although direct examinations of microRNAs targeting glutamate or GABA receptors in the context of epilepsy are scarce, several studies in other disease models show the potential of microRNAs to modulate these ligand-gated ion channels, providing mechanistic insight and potential novel therapeutic strategies for epilepsy.
MicroRNAs Targeting Ionotropic Glutamate Receptors Regulate Synaptic Activity
Ionotropic glutamate receptors mediate excitatory postsynaptic currents and are therefore directly involved in excitatory transmission and neuronal excitability. There are three major subgroups of glutamate receptors, AMPA receptors, NMDA receptors and kainate receptors, and, to our knowledge, all but kainate receptors have been shown to be directly regulated by microRNAs.
MicroRNA-Induced Silencing of GluA1 Impairs AMPA Receptor-Mediated Synaptic Plasticity AMPA receptors are tetramers of combinations of four subunits, GluA1-4. Rapid insertion or removal of AMPA receptors at the postsynaptic membrane is important for many different forms of synaptic plasticity. It is therefore not surprising that AMPA receptor subunits are under strict regulation at transcriptional, post-transcriptional and subcellular localization levels [48] . The AMPA receptor subunit GluA1 is downregulated after a variety of synaptic or neuronal stimuli, making GluA1's activity-dependent suppression by microRNAinduced silencing an attractive mechanism to study. Indeed, the three microRNAs with a direct role in GluA1 regulation that are discussed here are involved in activity-dependent downregulation of GluA1.
One of the first studies analyzing microRNAs and GluA1 function showed a role for the GluA1-targeting microRNA miR-92a in homeostatic synaptic scaling [49••] , which is a mechanism neurons utilize to respond to changes in synaptic activity in order to maintain a stable network [50] . AMPA receptors and especially their GluA1 subunits are critical for homeostatic synaptic scaling, and prolonged inhibition of synaptic activity leads to an upregulation of AMPA receptor function [51] . MiR-92a impairs the incorporation of new GluA1-containing AMPA receptors in response to blockade of synaptic activity, thereby preventing homeostatic scaling [49••] . Homeostatic neuronal scaling has been suggested to be altered in epilepsy [52] , but, except of some profiling studies indicating differential expression [53, 54] miR-92a has not been tested in the context of seizures or epilepsy yet.
MiR-137, another GluA1-targeting microRNA [55•, 56] , was shown to be important for metabotropic glutamate receptor (mGluR)-mediated long-term depression (LTD) by blocking AMPAR-mediated synaptic transmission and silencing active synapses. MiR-137 has been most prominently associated with schizophrenia [57] , but is also differently expressed in several mouse and rat models of epilepsy [58] [59] [60] [61] . The findings in these profiling studies were very variable, and no functional studies of miR-137 in epilepsy have been published to date, leaving the role of miR-137-mediated regulation of GluA1 in seizure development obscure.
The most recently published work about microRNAmediated regulation of GluA1 suggests that microRNAmediated translational suppression of GluA1 is, in addition to mGluR-LTD, also involved in NMDA receptor-dependent LTD. Here, Hu et al. showed that NMDA receptor activation leads to upregulation of miR-501-3p, which reduces GluA1 expression, and is important for NMDA-mediated synaptic spine remodeling [62••] . GluA1 mRNA is localized to dendrites in vitro and in vivo [63, 64] , and there is strong support for its local translation at synapses [64] [65] [66] . Using a rat slice preparation, in which neuronal cell bodies in the CA1 region were mechanically detached from the neuropil, the authors provided evidence that miR-501-3p may regulate local translation of GluA1 in synapses. Again, no functional studies assessing miR-501-3p-regulation of GluA1 in epilepsy has been published so far. Given the prominent role of GluA1 in regulating neuronal excitability, candidate approaches targeting miR-92a, miR-137 or miR-501-3p in animal models are needed to assess their role in epilepsy.
MicroRNA-Induced Silencing of GluA2 Reduces Synaptic Activity
GluA2 plays a distinct role in regulating neuronal activity because, in contrast to the other AMPA receptor subunits, it is calcium-impermeable and therefore has a strong influence on receptor function [67] . Most AMPA receptors in the adult nervous system contain GluA2 subunits, but rapid membrane insertion of receptors lacking GluA2 provides a mechanism for short-term plasticity, illustrating the need for tight regulation. One of the first studies demonstrating microRNAmediated regulation of GluA2 showed that miR-181a targets GluA2 in neurons and reduces the frequency of miniature excitatory postsynaptic potentials (mEPSPs) when overexpressed in neurons [68] . Removing GluA2 subunits from AMPA receptors at the synapse is expected to increase calcium-permeability and, thus, synaptic activity. However, this is only true if functional AMPA receptors lacking GluA2 replace the GluA2-containing receptors, which, the authors argue, does not occur in their experiments. Instead, the reduction in mEPSP frequency by GluA2 removal may be due to a loss of functional postsynaptic units and/or the generation of silent synapses that lack AMPA receptors. While this hypothesis remains to be tested, this study corroborates a role of microRNA-induced silencing of GluA2 in regulating neuronal excitability. In a somewhat controversial finding, a recent publication suggested that inhibition of miR181a is neuroprotective in a rat model of epilepsy by decreasing the pro-apoptotic factors Caspase-3 and Caspase-9 [69] . However, the effect on the seizure phenotype was not tested, and more studies are needed to assess if miR-181a changes seizure susceptibility. Of note, the earlier study by Schratt and co-authors focused on the nucleus accumbens, whereas Ren et al. analyzed hippocampal tissue, suggesting brain regionspecific mechanisms. Notably, a similar effect on spontaneous synaptic activity as for miR-181a was observed with another GluA2-targeting microRNA, miR-223-3p [70•] . Using a knockout approach, the authors showed that lack of miR-223-3p increases miniature excitatory postsynaptic currents (mEPSCs) and is neuroprotective, which is in line with Schratt and colleagues' observations after overexpression of miR-181a. It is noteworthy that miR-223-3p does not only target mGluA2, but also the NMDA receptor subunit GluN2B [70•] , and Kv4.2 in the heart [33] . It is not known if both glutamate receptors and Kv4.2 contribute equally to the observed effect on neuronal activity; however, this potentially concerted regulation of several ion channels by a single microRNA makes miR-223-3p a particularly intriguing candidate for future epilepsy studies. MiR-223-3p was recently shown to be decreased in individuals with hippocampal sclerosis and focal cortical dysplasia [71] , corroborating a potential role in epilepsy.
Another microRNA, miR-124 was suggested to regulate GluA2 and GluA3 during demyelination in multiple sclerosis [72] . Notably, two recent studies showed a role of miR-124 in seizure regulation [73••, 74] . Although these studies did not test effects on GluA2 and were somewhat contradictory, this adds an additional microRNA to the pool of potential regulators of GluA2. It will be interesting to directly compare how these different GluA2-targeting microRNAs affect neuronal excitability and epilepsy. In our experience, the physiological effect of microRNA inhibition on seizure frequency and severity in epilepsy models can strongly vary for different microRNAs, even though these microRNAs target the same ion channel (unpublished). We speculate that brain region and subcellular expression levels, as well as other mRNA targets of these microRNAs, may influence if and how they change the epileptic phenotype.
NMDA Receptor Subunits Are Targeted by microRNAs
Among the three classes of glutamate receptors, NMDA receptors have a distinct role in synaptic plasticity because of their ability to integrate internal and external cues. They are activated by binding of a ligand, like AMPA receptors, but additionally have an intracellular Mg2+ block that is only removed if the cell is in a depolarized state. This puts NMDA receptors in the ideal position to mediate "Hebbian plasticity", which postulates that the correlated activity of two neurons strengthens their synaptic connection and is believed to underlie learning and memory [75, 76] . Several microRNAs were shown to directly target NMDA receptor subunits and play an important role in synaptic plasticity [77] , but evidence for their importance in epilepsy is less prominent.
NMDA receptors are heterotetramers consisting of two GluN1 subunits and two GluN2A-D or GluN3A/B subunits. Notably, most, if not all microRNAs, directly regulating NMDA receptors have been shown to target GluN2 subunits. Two microRNAs, miR-19a and miR-539, were suggested to be involved in the developmental switch of GluN2B-to GluN2A-containing receptors, with miR-19a suppressing GluN2A during early development, and miR-539 suppressing GluN2B at later stages [78] . However, this study only assessed the effect of miR-19a or miR-539 manipulation in cultured neurons in vitro and provided correlative evidence in vivo. It remains to be seen if in vivo modulation of miR-19a or miR-539 alters GluN2B:GluN2A ratios and neuronal excitability. The ratio of GluN2B:GluN2A was shown to increase in epileptic rats, which may underlie the enhanced long-term potentiation (LTP) in hippocampal slices from these rats [79] . LTP is believed to be the synaptic correlate of learning and memory [80] , suggesting that the change in GluN2B:GluN2A ratio in epilepsy may contribute to cognitive deficits often associated with epilepsy [81] . It will be interesting to study if miR-19a or miR-539 are involved in these processes and contribute to cognitive impairment in epilepsy.
A few NMDA receptor-targeting microRNAs have been associated with altered neuronal excitability. MiR-125b, for example, directly targets NR2A and regulates its expression in cooperation with the Fragile X Mental Retardation Protein (FMRP) [82] . Loss of FMRP leads to Fragile X Syndrome (FXS), an intellectual disability associated with hypersensitivity to auditory and visual stimuli as well as increased risk for childhood epilepsy [83] . MiR-125b overexpression reduced mEPSCs in wild-type mice; however, it is unclear if dysregulated miR-125b-mediated silencing of NR2A contributes to the neuronal hyperexcitability in FXS. A more direct link between microRNA-mediated regulation of NR2A and epilepsy was recently provided by Alsharafi et al., who showed that miR-139-5p targets NR2A and is down-regulated in both human temporal lobe epilepsy and rat epilepsy models [84•] .
Increasing miR-139-5p using an agomir prevents status epilepticus-induced upregulation of NR2A in the rat model, but it is unknown if this manipulation affects seizure severity or the development of epilepsy. NMDA dysfunction has been reported in epilepsy, including mutations in the genes coding for NMDA receptor subunits [85] , but also anti-NMDAantibody positive encephalitis associated with seizures [86] . Notably, NMDA receptor mutations associated with epilepsy and intellectual disability can either activate or impair NMDA function [85] , making microRNAs a potentially valuable therapeutic tool to either enhance (by blocking microRNAs with antagomirs) or decrease (by supplementation with agomirs) NMDA expression and thus function. Such strategies should be tested in animal models in the future.
MiR-33 Targets GABA A Receptors but the Role in Epilepsy Is Unknown
GABA is the predominant inhibitory neurotransmitter in the brain. There are two types of GABA receptors, ionotropic (GABA A ) and metabotropic (GABA B ) receptors. For the purpose of this review, we will focus on GABA A receptors, which mediate chloride currents, thereby hyperpolarizing the cell in the adult organism. GABA A receptors have a complex structure, containing α, β, γ, and δ subunits assembled as heteropentamers [87] . So far, there is not much known about microRNAs directly regulating GABA A receptors. One exception is miR-33, which was recently shown to regulate two subunits of the GABA A receptor, α4 and β2, as well as the potassium chloride symporter KCC2 supporting a major function of miR-33 to control inhibitory signaling in the brain [88] . This study focused on miR-33's role in encoding fear memory but did not assess neuronal excitability. MiR-33 is downregulated in the dentate gyrus of animal models of epilepsy [89, 22•] , which could either indicate a compensatory mechanism upregulating GABA-mediated inhibition or a general dysregulation of GABAergic signaling in epilepsy. The effect of manipulating miR-33 levels on seizure susceptibility in animal models has yet to be tested but will be essential to reveal underlying mechanisms.
MicroRNA-Induced Silencing of Ion Channels in Chronic Pain-What Can Be Learned?
Chronic pain, like epilepsy, is characterized by neuronal hyperexcitability, and therefore mechanisms identified in chronic pain models may be translatable to epilepsy [90] . Several recent studies have demonstrated a role of ion channeltargeting microRNAs in the control of chronic pain. Targeted channels include voltage-gated potassium and sodium channels. The miR-17-92 microRNA cluster, for example, was shown to regulate neuronal excitability in chronic neuropathic pain through regulation of several members of the A-type voltage-gated potassium channel family [91•] . The miR-17-92 cluster contains three polycistronic genes coding for 15 microRNAs [92] . Overexpression or inhibition of members of this microRNA cluster induced or alleviated allodynia in rats through regulation of A-type currents. As discussed above, A-type currents are downregulated in animal models of epilepsy [4] , and miR-324-5p, which targets the Atype potassium channel Kv4.2, regulates seizure susceptibility [32•] . So far, there is not much known about the miR-17-92 microRNA cluster in epilepsy, apart from one expression study suggesting miR-19b to be downregulated in cerebrospinal fluid of epilepsy patients [93] . It will be interesting to assess how manipulating the miR-17-92 cluster affects epilepsy.
Another example is miR-30b, which is downregulated in dorsal root ganglia of a rat nerve injury model. Local injection of a miR-30b agomir in dorsal root ganglia decreases elevated expression of the voltage-gated sodium channel Nav1.7 and alleviates pain [94] . Mutations in the Nav1.7-encoding gene SCN9A have been associated with epilepsy [95] , but a role of miR-30b in epilepsy has not been reported yet [21•, 22 •]. MiR-7a, which is also downregulated in the dorsal root ganglion of a spinal cord injury rat model of chronic pain [96] , is another example of a voltage-gated sodium channel-targeting microRNA. Local viral overexpression of miR-7a reduced action potentials and alleviated pain-related behavior through direct regulation of the Navβ2 subunit (SCN2B). Coexpression of miR-7a with recombinant miR-7a-insensitive Navβ2 removed the analgesic effect of miR-7a, supporting the importance of this specific miR-7a target for pain regulation. There is currently no strong support for causative SCN2B mutations in epilepsy [97, 98] , but Scn2b knockout mice have a higher susceptibility to seizures [99] . Therefore, altered expression of SCN2B due to defective microRNA-induced silencing may contribute to epilepsy. Navβ2 was shown to be regulated by another microRNA, miR-9 in the brain [100] , further supporting this hypothesis.
Conclusions
Ion channels are often mutated in epilepsy disorders and are therefore frequent targets of pharmacological manipulations to reduce or prevent pathologic hypersynchronous activity in the epileptic brain. However, epilepsy-related defects in ion channels do not only occur on the genomic level but can also manifest as changes in expression levels or subcellular localization. Under physiological conditions, changes in expression levels of ion channels can provide powerful cellular tools to alter a neuron's intrinsic excitability but may be detrimental when pathologically altered. MicroRNA-induced silencing is a molecular mechanism that can mediate rapid changes in a protein's expression levels, including ion channels. The here described studies illustrate that, although there is already some published evidence for direct regulation of different ion channels by microRNAs, only little is known about how microRNA-mediated silencing of ion channels is affected in epilepsy. To advance the field, more studies are needed that test if manipulation of these ion channel-targeting microRNAs affects seizures and epilepsy in animal models. Assessing microRNAs and targeted ion channels identified in pain research for their role in epilepsy may be a promising strategy. In addition, it will be essential to gain a better understanding of the mechanisms of microRNA-mediated regulation of ion channels under physiological conditions. For example, more studies are needed to directly test if and how microRNAs modulate the ion currents mediated by their target ion channels. Moreover, the underlying mechanisms of translational repression need to be elucidated: some studies indicate that RNAbinding proteins cooperate with microRNAs to regulate ion channels, but it is unknown if this is a common mechanism. A few studies suggest that microRNAs are involved in the local translation of ion channels at the synapse and in dendrites, which adds an additional layer of complexity and deserves further assessment in the context of epilepsy. With more studies elucidating the exact molecular mechanisms of microRNAinduced silencing of ion channels in neurons, a better understanding of how these processes may be dysregulated in epilepsy will be achieved. Ultimately, this will help to reveal how this mechanism could be used as a tool to alter neuronal excitability and reduce or prevent seizures in epilepsy.
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